Abstract-Compared with the backscattering configuration, the bistatic scattering echoes can provide multidimensional information on land surface. Based on the Michigan Microwave Canopy Scattering (MIMICS) model, a first-order microwave bistatic scattering model for vegetations is developed in this paper. The dominant scattering mechanism for wheat and soybean in the L and C bands is analyzed by simulating the bistatic scattering echoes in multiple viewpoints, which can help us understand the interaction between incident wave and vegetation parameters. The influence of crop height, leaf size and moisture of vegetations and down layer soil on the scattering echoes is fully investigated. The simulations show that the bistatic scattering echoes are more sensitive to the vegetation parameters than that in backscattering configuration. There exist optimal scattering angles, in specular direction and in direction perpendicular to the incident plane, to improve the retrieval accuracy of vegetation parameters and moisture of soil surface. Moreover, the simulations demonstrate that bistatic scattering echoes in high frequency (C band) are a good choice to retrieve the vegetation parameters, and the echoes in low frequency (L band) are preferred to retrieve the soil parameters. This research can be used to provide reference for crop monitoring and future bistatic system design.
INTRODUCTION
Wheat and soybean productivity is closely related to the global food security.
Meanwhile, electromagnetic scattering and propagation in vegetations play important roles in certain fields such as agricultural production [1] , environment change prediction [2] , wireless communications [3] and target detection [4] . Recently, research on bistatic scattering [5] [6] [7] [8] [9] [10] has received considerable attention because of the multidimensional information provided by bistatic radar systems, which is more than that provided by the monostatic configuration for it only contains 1D data in the backscattering direction. Additional information contained in the bistatic radar has the potential to provide improvements in monitoring vegetation growth and detecting drought degree of crops. Also, the bistatic observations may provide a large scattering echo for targets when the scattering coefficients of the land surface are minimum. This special characteristic can significantly improve the anti-stealth ability of targets for radar system. Therefore, research on bistatic scattering from vegetations is important in providing reference for crop monitoring and target detection, and evidence for a future bistatic radar system design.
Vector radiative transfer (VRT) theory is extensively used in vegetation scattering simulation, where every scattering component has a clear physical meaning. Ulaby et al. [11] first developed the Michigan microwave canopy scattering (MIMICS) model based on the VRT theory and discussed the backscattering characteristics of forests. Toure et al. [12] adapted the MIMICS model to wheat in L and C bands by removing the trunk layer in MIMICS and modifying the scatter distribution density. Mattia et al. [13] investigated the relationship between the backscattering coefficients and wheat biomass, soil moisture in C band. They also addressed the retrieval of the wheat parameters. Huang et al. [14] modified the wheat scattering model in the filling age by adding the ears and verified that the new simulations are in good agreement with the measured backscattering data. Kweon et al. [15] measured the backscattering coefficients of soybean in X band and demonstrated that the simulations based on the first-order VRT model were consistent with the measured backscattering data. Du et al. [16] proposed a new backscattering model for soybean, which included vegetation coherent effect and soil surface curvature. In addition, empirical models are another good choice to predict the scattering echoes of vegetations. Champion et al. [17] developed two semi-empirical models to calculate the backscattering coefficients of wheat. De Roo et al. [18] proposed a semi-empirical backscattering model for soybeans in L and C bands. Kweon and Oh [19] modified the water-cloud empirical model by adding the average and standard deviation of leaf angle distribution to predict the backscattering coefficients of vegetations. Meanwhile, for experiments, Kim et al. [20] conducted backscattering experiments on soybean scattering in L, C, and X bands, and retrieved the leaf area index and vegetation water content by backscattering coefficients in temporal changes. Jia et al. [21] measured the backscattering coefficients of wheat and rice fields in L, S, C and X bands for incident angles of 0 • ∼ 80 • , and they further investigated the radar sensitivity to canopy variables.
However, the existing models and the experimental research on vegetations have exclusively concentrated on the backscattering direction. The bistatic scattering characteristics of land surface have recently become a subject of increasing interest; however, the main focus of attention is on the rough surface [5, 6, [22] [23] [24] . The bistatic scattering from vegetations in the same plane configuration and out-of-plane situations is extremely scarce. Accordingly, there only a few forest scattering works have been reported. In 2002, McLaughlin et al. [25] discussed the full polarization bistatic scattering from forest hills at grazing incident for 28 • ∼ 66 • azimuth scattering angles. In 2005, Liang et al. [26] extended the forest backscattering MIMICS to bistatic scattering configuration and reported that an accurate retrieval of results for forest biomass and tree height may be obtained using bistatic scattering radar echoes. In 2000, Ferrazzoli et al. [27] found that the bistatic scattering configuration can overcome the saturation problems occurring in vegetation biomass retrieval at the backscattering direction in L and C bands. In 2015, Gupta et al. [8] measured the rice bistatic scattering coefficients in temporal changes at X band and retrieved crop growth variables using two types of neural network models. When it comes to the work of bistatic scattering interactions between incident waves and wheat and soybean parameters, few research works have been conducted. Therefore, this study investigates the bistatic scattering characteristics of wheat and soybean using first-order radiative transfer theory. Rest of the paper is organized as follows. Section 2 presents the development of the bistatic scattering model for vegetations. Section 3 validates the bistatic scattering model by the measured backscattering data and discusses the dominant scattering mechanism for wheat and soybean in the L and C bands. The sensitivity of bistatic scattering echoes on crop height, leaf size, and moisture of crops and soil is also investigated. Section 4 concludes the study.
BISTATIC SCATTERING MODEL FOR AGRICULTURE
Agriculture is considered as a random medium, which constitutes leaves, stems and branches ( Figure 1) . Soil under vegetations is usually assumed to be a rough surface. The leaves are regarded as elliptical disks with diameter and thickness. The stems and branches are modeled as needled scatters and finite cylinders, respectively. In this paper, the generalized Rayleigh-Gans (GRG) approximation [28] is used to calculate the scattering amplitude of disk-shaped and needle-shaped scatters, which is valid for a scatter whose least physical dimension d satisfies k 0 d(ε r − 1)
1. Besides, an approximation derived from the infinite cylinder is used to calculate the scattering field of the finite cylinders for branches. In addition, the permittivity of various canopy constituents can be determined from moisture and frequency through empirical models [29] .
As shown in Figure 1 , vector k refers to the incident or scattering wave, and − → v and h refer to vectors in the vertical and horizontal directions with respect to the horizontal plane, respectively. The crop height is denoted as d. The incident intensity I(π − θ i , φ i , z) impinges on the top surface of the canopy, whereas the scattering intensity is expressed as I(θ s , φ s , z) in the free space ( Figure 1 ). The bistatic scattering coefficients of vegetations σ 0 pq , which correspond to the q-polarized incident plane wave and p-polarized scattering spherical wave, are defined as follows [11] :
Then, VRT theory is used to find solution I(θ s , φ s , z) for the bistatic scattering echoes from vegetations. It describes the scattering, attenuation and absorption in the layers, and can be expressed as:
where I( r ,ŝ) is the intensity in the vegetation layers andK c the extinction matrix that describes the attenuation and absorption caused by the scatters. The phase matrixP ( r,ŝ,ŝ ) represents the scattering energy transfer from directionŝ to directionŝ. Based on the forward scattering theorem,K c can be described as:
where n 0 is the number of scatters in a unit volume and f pq the scattering amplitude of a scatter in vegetations. If the scatters are isotropic, thenK c can be reduced to the diagonal form. Furthermore, if the particles are also spherical scatters,K c can be expressed as a constant. The phase matrixP represents the scattering effect from the incident angle (θ i , φ i ) to the scattering angle (θ s , φ s ), which can be expressed as:
The intensity vector in the vegetation layers can be divided into the upward-going ( I(θ, φ, z)) and downward-going ( I(π − θ, φ, z)) components. Thus, the radiative transfer equations in Eq. (2) are expressed as:
As shown in Eq. (5),K c (π − θ) andK c (θ) are the extinction matrices in the downward-going and upward-going directions for the vegetation layers, respectively. And also, S c (π − θ, φ, z) and S c (θ, φ, z) are the scattering source functions in the downward-going and upward-going directions, respectively. The effective canopy layer permittivity is small for the small volume fraction of leaves and large volume fraction of air. Thus, the refection at the boundary layer between air and canopy layers is ignored, and only transmission between the layers is considered. Meanwhile, the incident intensity is reflected at the relatively flat soil surface through vegetations. Therefore, the boundary conditions are described as:
whereḠ is the phase matrix of the rough soil surface, and the soil scattering coefficients are derived as σ g = 4π cos θ sḠ . If the extinction rate of scatters is small, then the solution of Eq. (5) can be expressed in the form of perturbation series. After solving the equations iteratively, the bistatic scattering coefficients of vegetations can be expressed as:
(1) Zero-order Solutions As shown in Eqs. (9) and (10), if the phase matrix is assumed to be zero, then source function is zero, and the incident wave is only reflected by soil surface. Therefore, the zero-order solution of the VRT model corresponds to land scattering, and can be described as
are the attenuations in the incident and scattering directions, respectively. When z = 0, the bistatic scattering coefficients of the land surface can be expressed as:
(2) First-order Solutions
Assuming that n = 1 in Eq. (9), then first-order intensity for the upward-going I 1 (θ, φ, z) and downward-going I 1 c (π − θ, φ, z) components can be described as: Then, the first-order upward-going scattering intensity
for the vegetations can be expressed as the sum of four components, namely,
for vegetation-ground scattering is given as:
The term
Finally, the total bistatic scattering coefficients σ pq (θ s , φ s ; π − θ i , φ i , 0) for the vegetations can be expressed as the sum of the zero-order and first-order solutions for the radiative transfer equations, which are expressed as:
where
is given in Eq. (12), and σ 1 pq (θ s , φ s ; π − θ i , φ i , 0) is described as follows: For measured bistatic scattering data of vegetations are scarce, θ s = θ i , ϕ i = 0, ϕ s = π are set to validate the bistatic scattering model developed in this study. Table 1 shows the input parameters of wheat [12] . Then, the wheat backscattering coefficients simulated by the model are compared with the measured data [12] in the L and C bands. As shown in Figure 3 , the consistency between the simulated data and the measured backscattering data indicates the correctness of the bistatic scattering model. 
RESULTS AND DISCUSSION

Model Validation by the Measured Backscattering Data
Bistatic Scattering Mechanisms of Wheat and Soybean
The crops can be divided into narrow-leafy crops and broad-leafy crops depending on the leaf shape. Analysis on the bistatic scattering characteristics of these two crop types is given in the subsequent sections. Wheat is an example of a narrow-leaved crop, whereas soybean is an example of a broadleaved crop. Tables 1 and 2 show the physical parameters for wheat [12] and soybean [30] , respectively. The major part of the bistatic scattering echoes for wheat, at conditions of
, is the direct soil scattering at small scattering angles, whereas the dominant scattering mechanism for large scattering angles is the direct canopy scattering (Figure 4) . When the incident frequency increases, the scattering from the soil surface is significantly reduced for the attenuation caused by vegetations increases, and canopy scattering becomes the strongest effect in the C band. The vegetation-ground scattering component also increases with the increase of frequency. However, the effect of ground-vegetation-ground scattering is low for all cases and can be ignored at L Figure 5 shows the bistatic scattering coefficients of soybean in the L and C bands. Similar to that in backscattering case, bistatic scattering coefficients are also dominated by the soil surface in the L band at low scattering angles and by direct vegetations in the backward scattering plane at high scattering angles. Because the soybean plants are spare, much incident wave can penetrate the vegetation and reach the ground. Consequently, the direct vegetation and the ground-vegetation scattering components are dominant at large scattering angles in the specular scattering plane. In the C band, direct vegetations scattering is the strongest effect in the backscattering plane (Figures 5(c) and 5(d) ). However, in the specular scattering plane, the main scattering parts are vegetation and ground-vegetation for HH polarization, and vegetation scattering for V V polarization. The simulated results, shown in Figures 4  and 5 , reveal that the bistatic scattering echoes have the potential to retrieve the soil moisture in the specular scattering direction at low frequency and to retrieve the vegetation parameters at large scattering angles in the backscattering plane with high accuracy.
As shown in Figures 6 and 7 , when the scattering wave and incident wave are in the different plane, the dominant scattering mechanisms for wheat and soybean are also investigated. The direction 
• is dominant for almost all scattering azimuth angles. However, the dominant scattering component changes from direct vegetation scattering component to ground-vegetations scattering component in the scattering plane perpendicular to the incident plane. Meanwhile, the soil scattering components give rise to the total scattering echoes by 2 dB in the specular scattering direction. These conclusions can help us understand the bistatic interactions between scattering wave and vegetation parameters and retrieve the vegetation parameters with high accuracy.
Sensitivity of Scattering Echoes to Vegetation Parameters
The sensitivity of bistatic scattering coefficients to vegetation parameters plays a critical role in the retrieval of canopy parameters and down layer soil moisture. This section discusses the influence of canopy height and leaf size on the soybean scattering coefficients in L and C bands. The sensitivity of the scattering coefficients on vegetation moisture and the soil moisture for the wheat vegetations is also analyzed in L and C bands.
Soybean Parameters Analysis
Figures 8(a) and 8(b) show that the bistatic scattering coefficients of soybean in the specular direction decrease with the increase in the crop height, for the soil surface is dominated in the specular direction The minimum of the scattering coefficients in C band apparently decreases with the increase in soybean height. However, the scattering echoes become saturated with crop height increase in the backscattering configuration (ϕ s = 180 • ), and no significant difference exists for the five crop heights. Therefore, the bistatic scattering echoes have more potential than the backscattering coefficients in improving the retrieval accuracy of crop height significantly. Figure 9 shows the scattering coefficients of soybean for three different leaf sizes. DY1 refers to disk-shaped leaves with a diameter of d 1 (Figures 9(a) and 9(b) ). The largest discrepancies between the scattering echoes for three different leaf sizes exist in the specular direction and at large scattering angles in the backscattering plane for L and C bands. With the increase in leave size, the scattering echoes in specular direction decrease for the large attenuation caused by vegetations on the soil surface. However, the scattering echoes increase with the increase in leaf size at large scattering angles in the backscattering plane, where vegetations scattering is dominant.
In in leave sizes. However, the scattering echoes in backscattering direction increase with the increase in leave size, and the trends are not evident. In C band, the vegetation scattering is dominant for almost all ranges, but the soil scattering cannot be ignored in the specular direction. The leaf size has a significant influence on attenuation compared with that on scattering. Therefore, the total scattering echoes decrease with the increase in leaf size, for the larger attenuation caused by the vegetations on soil surface. The ground-vegetation scattering is the largest scattering component in L and C bands in the direction perpendicular to the incident plane. Thus, the scattering coefficients increase with the increase in leaf size. This effect is particularly significant in L band. These figures show that the scattering echoes in specular direction are a good choice for leaf size retrieval at high frequency, when the backscattering echoes become saturated.
Wheat Parameters Analysis
In this section, a similar sensitivity research is applied to the wheat vegetations. However, the moisture of vegetations and soil surface is investigated instead of changing the crop height and leaf size used for soybean.
As shown in Figure 10 (a), the bistatic scattering echoes in L band slightly decrease with the increase in vegetation moisture in the specular direction, for the larger attenuation caused by the vegetations with higher moisture on the soil surface. No significant difference is observed in other scattering angles. In Figure 10 (b), the increase in vegetations moisture leads to an increase in the bistatic scattering echoes in C band at large scattering angles in the backscattering plane, where vegetation scattering is dominant. However, a trend of firstly decrease and then increase is observed in the forward scattering Figures 11(a) and 11(b) show that the bistatic scattering echoes in the specular direction (θ s = θ i = 30 • ) for the HH polarization are greater than those for the V V polarization. The scattering coefficients show a significant increase with increase in vegetation moisture when moisture of vegetation is low. However, the speed slows down and gradually saturates when moisture of vegetation is high. The variation range of specular scattering echoes in L band for soil moisture from 0.1 g/cm 3 to 0.8 g/cm 3 is 6.51 dB and 4.29 dB for V V and HH polarizations, respectively. However, in C band, the variation range is 1.15 dB and 1.90 dB for V V and HH polarizations, respectively. Moisture sensitivity in the specular direction for L band is greater than that for C band. Therefore, L band simulations in V V polarization are a good choice in retrieving soil moisture with high accuracy.
The sensitivity of backscattering coefficients for wheat on the soil moisture is also investigated ( Figures 11(c) and 11(d) ). The backscattering coefficients in V V polarization are greater than those in HH polarization for L band. However, the opposite trend is observed in C band. The variation range of the scattering coefficients for soil moisture from 0.1 g/cm 3 to 0.8 g/cm 3 in L band is 5.08 dB and 2.88 dB for V V and HH polarizations, respectively. Meanwhile, the variation range in C band is 0.66 dB and 0.39 dB for V V and HH polarizations, respectively. The influence of soil moisture becomes evident when soil surface scattering is dominant in the total scattering echoes. A comparison of the variation range of the scattering coefficients with different soil moistures shows that the specular scattering coefficients in low frequency (L band) are more sensitive to soil moisture than backscattering configuration (θ s = 30 • ), which is similar to the single rough surface [32, 33] .
CONCLUSION
This study develops a bistatic scattering model for vegetations based on radiative transfer theory which is validated by wheat measured backscattering data. The bistatic scattering characteristics of wheat and soybean, versus the scattering angles and scattering azimuth angles, are investigated in L and C bands. The sensitivity of the scattering echoes to the crop height, leaf size and moisture of crops and soil is also investigated. The conclusions are summarized as follows:
(1) When the scattering wave and incident wave are in the same plane, the dominant bistatic scattering effect for wheat and soybean in L band is the soil scattering for the scattering angles near the specular direction. However, it changes to vegetation scattering when scattering angles are far from the specular direction. In C band, the vegetations scattering is dominant at the full range of the scattering angles, and the soil scattering effect cannot be ignored near the specular direction. When the scattering echoes for θ s = θ i , ϕ i = 0 • change with the scattering azimuth angles in L band, soil surface scattering is dominant for almost all range of scattering angles, except for the scattering angles near the perpendicular plane, where it is dominated by vegetation scattering for wheat and by ground-vegetations scattering for soybean. In C band, the dominant scattering effect for wheat and soybean is vegetation scattering at the full range, except for soybean in the perpendicular plane, where ground-vegetations scattering is dominant. (2) The dominant scattering mechanisms are related to the sensitivity of the bistatic scattering echoes to the crop parameters. The simulated results for soybean show that the bistatic specular scattering echoes are more sensitive to crop height and leaf size in C band because vegetation scattering is dominant at high frequency. The wheat scattering coefficients for θ s = θ i in the forward plane (ϕ i = 0 • ) and in the plane perpendicular to the incident wave (ϕ i = 180 • ) are also sensitive to the vegetation moisture in C band. Meanwhile, the specular scattering echoes for wheat in L band are more sensitive to the down layer soil moisture because soil surface scattering is dominant in the specular scattering direction at low frequency. This result is particularly obvious for V V polarization, which is consistent with the backscattering configuration [31, 34] . However, the sensitivity of bistatic scattering coefficients to the vegetation parameters is further determined to be superior to the backscattering configuration. (3) The maximum of bistatic scattering echoes from wheat and soybean always occurs in the specular scattering direction. However, the minimum of the specular scattering echoes exists in the scattering planes ϕ s = 90 • and ϕ s < 90 • for the HH and V V polarizations, respectively, which is similar to that for soil surface [5] . The minimum location of scattering echoes in V V polarization is determined by the incident wave and the vegetation parameters, which may help retrieve the vegetation parameters in the future. Meanwhile, this minimum characteristic has the potential to detect the targets when the scattering coefficients from vegetations are small and those from targets are highlighted. Therefore, the locations near the minimum scattering echoes are significant for military and civilian applications.
Thoroughly, the investigation of the bistatic scattering characteristics for vegetations is important in providing reference for crop monitoring, environment change prediction, target detection and future bistatic system design. Further studies on conducting bistatic measurement and validating the bistatic scattering models comprehensively are in progress.
